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Measurements and modeling of electric-dipole-forbidden B,,,-2p3, transitions in fluorinelike
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We report the observation of electric-dipole-forbiddem, 2-2p,, transitions in berylliumlike, boronlike,
carbonlike, nitrogenlike, oxygenlike, and fluorinelike uranium. Our measurement identified nine magnetic
dipole transitions, as well as one strong electric quadrupole transition in carborifikethét has not been
observed in lowei ions because of collisional quenching. The measurement was carried out with a high-
resolution crystal spectrometer, and an accuracy as good as 35 ppm was obtained in the determination of the
transition energies. The transitions are significantly less affected by quantum electrodynamical effects than
analogous electric-dipole-allowed transitions in these ions. The data thus provide benchmarks for theoretical
approaches of electron-electron correlation effects in the Bilijmit Za~1 that complement earlier measure-
ments of Z-2p transitions in such highly charged ions. The accuracy of the present measurements, however,
was sufficient to determine the residual contributions from quantum electrodynéabiost 2 eV with an
accuracy of 5%, i.e., with an accuracy comparable to that of the best measurements of such contributions to the
1s ground level in hydrogenic &". The contributions from quantum electrodynamics are in large part due to
the vacuum polarization terms. Thepgy-2p3, transition energies thus provide a handle for testing the
accuracy of vacuum polarization terms nearly independent of the terms arising from the electron self energy.
Results from collisional-radiative calculations are presented that show that the forbidden lines are almost
exclusively produced by indirect processes, i.e., radiative cascades, radiative electron capture, and the ioniza-
tion of 2p4, electrons. This is in stark contrast to the electric dipole-allowed transitions, which are mostly
populated by direct electron-impact excitati¢81050-29478)12209-9

PACS numbsgs): 32.30.Rj, 12.20.Fv, 31.30.Jv, 32.70.Fw

[. INTRODUCTION nium that yielded 280.5890.10 tested the net QED contribu-
tion to 0.2%[5]. The (2788.13%0.039)-eV measurement
The structure of very highly charged ions has come undeof the 25,,-2ps, transition in lithiumlike Bf®" currently
scrutiny only in the past few years, as appropriate sources girovides the most accurate measurement of the QED term,
such ions were developed that enabled precise spectral me@sting the net 26.3-eV contribution within 0.1586]. By
surements. One spectroscopic source of very highly chargesbntrast, the best determination of the QED contribution to
ions is given by heavy-ion accelerators, which providethe energy of the 4 in hydrogenlike uranium7] inferred
highly charged ions at strongly relativistic speeds. An alterfrom measurements of thes12p transition energies tests the
nate method, a high-energy electron-beam ion trap, providegeory only to within about 6%, i.e., with 40 times less ac-
stationary highly charged ions with low thermal energy. Thecuracy.
utility of the latter method for performing accurate spectro- Measurements with similar high accuracy as measure-
scopic measurements was first demonstrated in a measun@ents of the 2,,,-2ps, transition in very highly charged
ment of the contributions from quantum electrodynamics tdithiumlike ions have also been made fos,2-2p5, transi-
electrons in the & subshell in YB°" [1]. The method now tions in the neighboring charge states, i.e., in berylliumlike
provides access to spectra as high a¥®'Cf2]. The main  through neonlike uranium and thoritj®,8]. The energies of
thrust of such measurements is to provide accurate atomifese transitions are affected by QED in ways similar to the
structure information to test the predictions of QED and reladithiumlike transitions, and thus provide additional tests of
tivity in very strong nuclear fields wheZa~1. the QED terms. Unlike the £22p transitions in lithiumlike
Measurements of thes22p transitions in lithiumlike ions  ions, these transitions are, however, significantly affected by
currently provide the most precise test of QED in strongcorrelation effects. Until recently, these correlation energies
nuclear fields. For example, measurements of the-2p;,  have prevented accurate calculations of the non-QED ener-
transitions in lithiumlike thorium and uranium yielded values gies, and thus have precluded precise tests of the QED terms.
of 4025.23-0.14 and 4459.370.21, respectively[3,4]. For example, a comparison of the measured values with stan-
These measurements tested the respective net QED contribdard multiconfigurational Dirac-Fock calculations yielded
tions of 36 and 39 eV to 0.4% and 0.5%, respectively. Adifferences as large as 8 eM,8]. A breakthrough was
measurement of thesg,-2p,, transition in lithiumlike ura-  achieved when Johnson, Sapirstein, and Bluri@glapplied
relativistic many-body perturbation theofRMBPT) to the
calculation of the Dirac energies of berylliumlike, carbon-
*Present address: Nuclear Physics Laboratory, University ofike, fluorinelike, and neonlike uranium. The method they
Washington, Seattle, WA 98195. used was shown to be well suited to highens because of
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the rapid convergence of theZléxpansion that is part of the A recent study by Myrnaet al. extended the observation of
RMBPT method. Agreement with the measurements wer@p1,,-2p3» M1 decay in fluorinelike and boronlike ions to
achieved within about 0.5 eV for the lithiumlike, carbonlike, molybdenum Z=42) [15]. The set oM 1 transitions in ura-
and fluorinelike transitions. An agreement within only 2 eV nium presented here more than doubles the atomic number of
was found for the berylliumlike transition. Cheng and Chenthe ions for which such transitions have been measured. We
[10] performed a large-scale relativistic configuration-are not aware of an earlier identification®2 decay among
interaction calculation to treat correlation effects accurately2p1>-2P3, transitions. These transitions decay slower than
in berylliumlike uranium. Their calculation achieved agree-mostM1 transitions, and are more likely to be collisionally
ment with the measurement within experimental uncertainquenched in lowZ ions. The identification of such a transi-
ties (0.21 e\). Similarly good agreement was found by Sa-tion in our present study thus appears to be the only of its
fronova, Johnson, and Safronojhl]. A newer calculation kind.
by Chen and Chenld 2], however, differs again from experi- The radiative decay rates of thél andE2 transitions in
ment by about 0.4 eV. uranium are 3—4 orders of magnitude less than those for the
Because the €,-2ps» transitions in berylliumlike E1 transitions. However, they are in the rang&€-100t s2,
through neonlike ions are affected by both QED and correand the transitions are easily observed provided their upper
lation effects, a comparison between measurements and cdévels are excited and nB1 decay branch exists for the
culations provides a test of the combination of both effectsexcited level.
To test the theories that predict the correlation energies, mea- Unlike the X,,,-2p3», E1 transitions, the @,,-2p3, M1
surements are needed of transitions that are not as muah E2 transitions are generally only weakly excited by elec-
affected by QED terms as thesg,-2p5, transitions. More-  tron collisions. This was borne out by detailed modeling cal-
over, such measurements must be of transitions in vergulations we performed. Nevertheless, & andE2 tran-
high-Z ions because present theoretical approaches, such sgions are prominently observed in our spectral
RMBPT, converge best and are most reliable in the kigh- measurements, and their intensity is comparable to that of
limit. the E1 transitions measured earlier. To account for the ob-
To aid the development of theoretical treatments of corserved intensity it was necessary to include indirect excita-
relation effects in higlZ ions, we present a precise measure-tion processes in our model calculations. In particular, we
ment of ten D,,-2p5, transitions in the six adjacent charge show that excitation by radiative cascades, radiative capture,
states berylliumlike € through fluorinelike 8®". Unlike  and ionization are highly effective, and dominate the excita-
the 2s,,-2p5, transitions, which are electric-dipole-allowed tion of theM1 andE2 lines. The line formation processes
(E1) transitions, the By,-2ps- transitions are electric- are thus similar to those observed to play the dominant role
dipole-“forbidden” transitions, i.e., they are transitions in the excitation of magnetic quadrupol®l@) transitions in
which have radiative rates significantgmany orders of neonlike iong16], and magnetic octupoleM3) transitions
magnitude less than those of thE1 transitions. Nine of the in nickel-like[17] ions. These lines play an important role in
observed transitions are magnetic-dipoM 1) transitions. plasma diagnostics, especially measurements of electron
One is an electric-quadrupoleER) transition. Unlike 2  density and of nonequilibrium processes. In principle, the
electrons, P electrons do not significantly penetrate the forbiddenn=2 to n=2 lines in highly charged uranium
nucleus. The QED contributions for these transitions are thusould play a similar role in plasma diagnostics; plasma
substantially(almost an order of magnituji¢ess than those sources with sufficient temperatufe-60 keV) to produce
for the 2s,,,-2p4, transitions. Our measurements are, there-such highly charged ions, however, still need to be created.
fore, complementary to our earlier measurements of the The paper is structured as follows. In Sec. Il, we present
2s,,-2p3), transitions[8] by providing benchmarks for test- our theoretical estimates of the spectral line intensities. The
ing theoretical approaches for calculating electron-electroproduction of highly charged uranium ions is described in
correlation effects in the comparative absence of QED efSec. lll, followed by a description of the measurements and
fects. The QED contributions to thep2,-2p4, transitions, line identifications in Sec. IV. The spectral calibration and
however, by no means vanish. Given the high accuracy witfihe results of our measurement are given in Sec. V. We end
which we have measured the transition energies of the fowith a discussion of the results in Sec. VI.
bidden transitions, the present measurements not only pro-

vide benchmarks for testing correlation gffects_but gls_o for Il PREDICTED LINE INTENSITIES
QED effects. In fact, the accuracy is sufficient, in principle,
to test the QED terms affecting thepg,-2p5,, transitions Generally, radiative rates for electric-dipole-forbidden

within about 5% and, therefore, comparable to the accurac2p,,,-2ps,, decay are orders of magnitude smaller than the
of the best measuremefit] of the QED contribution to the rates for allowed 8;,-2ps, Or 2S1,-2p4; decay. As a re-

1s level in hydrogenic uranium. sult, forbidden ,,»-2p5, decay occurs only iE1 decay is
Earlier measurements of dipole-forbidderp,2-2ps,  impossible.
transitions extend to elements with atomic numBexs high As an example, we consider the energy-level diagram of

as 42[13-15. For example, a set of ninep2,-2ps, M1  carbonlike %" in Fig. 1. We note that all excited levels
transitions in highly charged kryptorZ & 36) was measured with a 2s vacancy can decay via &l transition and, there-

by Denneet al.on the Joint European Tor{i$4]. Their mea- fore, do not contribute to the spectra measured here. Those
surement provided the energies of dvié transition in fluo-  levels with a 4, vacancy can decay only via a dipole-
rinelike, two in oxygenlike, three in nitrogenlike, one in car- forbidden  transition. In  particular, the level
bonlike, one in boronlike, and one in berylliumlike krypton. (1s22s?2p,,,2p3) ;-1 decays via arM1 transition, while
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case, as indicated by our calculations given in Fig. 2 and

120220 20 described below

ST assz ey \\\\ . From inspection of the energy-level diagrams and the se-
\\\\ 2110] lection rules(or better, knowledge of the relative radiative
J=2 44316V T E1\:\\ 1522522p, 523 5 decay rateks it is possible to understand which configura-
! ‘ WUN Wy a002ev tions might give rise to B,,-2ps, transitions. However,
: i A 3[51‘0] v J=1 3987 eV therf-z is no obviql_Js way to predict the s_trengths_of the dipole-
| 3[5110] 1"{":] fprbldden transitions without pgrformmg detailed calcula-
: tions of all rates and processes involved.
| [4005.67 V] [3989:32 eV] In order to predict the radiative intensities of the uranium
E1 : M2 E2 M1 2-2 transitions accurately, we have made two sets of detailed
21141y 101 SBlg At » collisional-radiative calculations using atomic data generated
with the Hebrew University-Lawrence Livermore atomic
1s22s22p %, J=0 codes(HULLAC's) [18]. Our first model included all levels

in all charge states, lithiumlike through neonlike uranium,

FIG. 1. Diagram of the lowest four excited levels in carbonlike ith an optical electron in th@=2 shell. The model ac-
U®*. The dominant radiative decay branches from each level argo nted for all radiative processes, including radiative cas-
indicated by sc’"ld arrows. The radiative decay rate denoted 9y -54es and involved all electric and magnetic dipole and all
meansxx 10 s~ The measured energies of bothyg-2s,, ran-  g1acric and magnetic quadrupole transitions and all electron-
sitions observed in the present study are given in framed boxes. impact excitation processes. We constructed a second model
to predict the effects of indirect excitation processes, i.e.,
radiative cascades from the=3 shell, radiative electron
capture, and ionization of innershell electrons. These indirect
processes are known to be important excitation processes,
especially for dipole-forbidden transitiof$6,17. The sec-
Bnd model included all levels in lithiumlike through fluorine-
like uranium with an optical electron in the=2 or 3 shell,
radiative electron capture into tlme=2 and 3 shells, and the

level (1s22s5%2p1/,2P3/) ;- (in the absence of electron col-
lisions) must decay via a2 transition to the ground state.
Hence we expect to see tw@g2,-2p3» transitions from car-
bonlike uranium in our spectrum. The situation is similar for
all other ions, where an excited state can be formed from th
ground level with a P, optical electron and a2, va-
cancy but no 2,,, vacancy, i.e., for all ions with charge state

as high as boronlike . , g7, . ionization ofn=2 electrons. Radiative electron capture and
Excited levels in charge states higher than boronliR€'U ;i ation link a given ion species to its neighboring ion
require a 3,, vacancy. Therefore, asgi;2ps; EL ransi-  gnecies. In order to assure accurate predictions for the lithi-
tion is possible, and takes precedence overpa,2psz  ymilike and neonlike transitions, we added the ground state
transition. An exception occurs, however, in the beryllium-jaye| of heliumlike uranium and the first five lowest levels of
I|I§e ion. Here the excited Ievgl (s:EZ-sl,zZpg),z)J:Z is formed  gugiumlike uranium to the second model.
with a 2s vacancy. It deexcites viap-2ps, M1 decay The model calculations show that the spectra of highly
because &,-2pz, decay is not dipole allowed, and can cnharged uranium ions from an electron-beam ion (E®IT)
only proceed via a dipole-forbidde?2 transition(cf. Fig.  are produced in the low-collisional limit. This means that all
2). Thus we expect to seepg,-2pg, decay in the berylli-  excitations proceed from the ground level and are followed
umlike ion, provided the @;,-2p3, M1 rate is faster or py radiative decay until they are back in the ground level.
comparable to the &,-2py, E2 rate. This is indeed the «“Ground level” in the case of berylliumlike uranium in-
cludes not only the 422s? 1S, true ground level but also the
162251/22p32 metastable level £2s,,2p1,, 2Py, and in the case of oxy-
J=1 4506 eV - < genlike uranium includes the metastable level
J=2 4383 eV 1s?2s%2p3,,2p3,, J=0 in addition to the $22s%2p3,,2p3),
J=2 ground level. In other words, any excited level decays
fast enough via radiative deexcitation channels before any
electron collision takes place. This is the result of the large
182252p,, 5 radiative rates and correspondingly small electron-impact
I o1 3026V excitation rates. Then=2—2 radiative decay rates of
J=0 261 eV interest are typically no less than about48 for magnetic-
dipole transitions, and several order of magnitudes more
for electric-dipole transitions. In contrast, the electron-
impact excitation rates for these highly charged uranium
ions range are less than a few per minute as a result of the
smallness of the electron-impact excitation cross section
1828 J=0 (10722-10"2% cm2 for 120-keV electronsand an electron
FIG. 2. Diagram of the lowest four excited levels in beryllium- density of about 18 cm™® in our source.
like UB8*. The dominant radiative decay branches from each level Results from our two collisional-radiative model calcula-
are indicated by solid arrows. The radiative decay rate denoted btjons for electron energies of 100 keV are presented in Table
x[y] meansxx 10’ s™X. The measured energy of thepg,-2ps, | for lithiumlike through nitrogenlike uranium, and in Table
transition observed in the present study is given in a framed box. Il for oxygenlike through neonlike uranium. Looking at the
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TABLE |. Line intensities of the 2-2 transitions in®%J through ¥ predicted by two collisional-
radiative model calculations,_, denotes the intensity calculated from the balance of electron-impact exci-
tation and radiative decay of electrons in the-2 shell. |,,<; denotes the intensity calculated with an
extended model that allows for excitation of electrons inrthe2 and 3 shells by electron-impact excitation,
ionization of an electron from the=2 shell, and radiative electron capture. Both calculations allow for
radiative cascades via electric and magnetic dipole and electric and magnetic quadrupole transitions. An
equal abundance of each ionization stateluding heliumlike and sodiumlike uraniynis assumed in the
extended model. The intensity of each line is normalized to that of the strongest line in a given charge state
resulting fromn=2 excitation, which is set equal to 100.0. Lines with relative intensities as low as 1.0 are
listed. The assumed electron-beam energy is 120 keV. Also listed are the transition energies used in the
atomic structure part of the modeling calculations.

Energy Fractional
lon Transition Label Type (eV) ln=2 lhes increase
use* (2P32) 3= 32— (251/2) 3= 172 Li-1 E1 4462.0 100.00 117.14 1.2
user (25122P32) 3-1—(25%) 3-0 Be-1 E1 4505.6 100.00 109.61 1.1
use* (251/22P3/2) 3= 2— (251/22P1/2) =1 Be-2 M1 4081.1 0.70  4.40 6.3
yest (2P122P312) 31— (251122 P1/2) 3= 0 Be-3 E1 45137 0.37  3.09 8.4
ysst (2P122P312) 31— (251122 P1/2) 3=1 Be-4 M1 4473.1 0.19 1.53 8.0
UB™"  (25122P122P32) 3=32— (25%2P1)3—12»  B-1  E1 45252 100.00 109.06 1.1
UB™"  (25122P1/22P1/2) 3—32— (25%2P12)3—12  B-2 E1 45253 5231 57.50 1.1
ue™ (2522P312) 3= 32— (2512202 ) 3= 112 B-3 M1 3678.1 153 9.72 6.4
ueT (252232 3- 31— (2522P112) 3112 B-4 M1 4086.1 1.07 6.75 6.3
UB™"  (25122P1/22P30) 3—3:2— (25°2P1) 31  B-5 E1 43752 1.01  3.63 3.6
yeet (25122P%2P32) 3-1— (25%2p?) 3¢ C-1 E1 45524 100.00 116.56 1.2
yeet (2522p1122P3/2) 13- 2— (25%2p?) 3¢ C-2 E2 4004.0 3.24 2413 7.5
yeet (25%2p122P32) 31— (25°2p?) 50 C-3 M1 39873 0.30 16.65 55.5
USS™  (25,,2p%2p3,) 1-30— (25°2p?2p3)3-3» N-1  E1 45935 100.00 118.78 1.2
UBSt  (25,,2p%2p3)) 1—50— (25°2P%2Pg1) 5-32 N-2 E1 44438 2588 52.65 2.0

UB"  (25,,2p%2p3) 1= 10— (25%2p%2P3) 3—3» N-3 E1 45916 26.10 34.78 1.3
UBS"  (25%2p12p3s) 1=50— (25°2Pp?2P3)3-3» N-4 M1  3963.1  3.46 25.01 7.2
UB"  (2522p122p3) 1= 30— (25°2P%2P3) =32 N-5 M1 3941.9 0.90 14.04 15.6
USS"  (25%2p12p3s) = 10— (25°2Pp?2pP3)3=52 N-6 M1 40411 088  7.64 8.7

relative line intensities predicted by the first model, which isintensities computed with the second model are sensitive to
based on direct electron-impact excitation within the2  the assumed abundance of the various charge states. The
shell only, we find that electric-dipole-forbiddempg,-2ps,  present results were obtained by assuming an equal abun-
transitions produce only very weak lines. The model calcudance of all charge states. This is clearly incorrect, but the
lations predict none of the forbidden lines with an intensitycomputed relative intensities do not depend strongly on this
of more than a few percent of the intensity of the strongesgssumption.

dipole-allowed line for a given ionization state. Detection of \ynjle indirect excitation processes strongly enhance the
dipole-forbidden lines would thus be very difficult given the forpigden lines, they have a comparatively small effect on
low counting stetl_stlcs of the measurements of the dipoleine allowed 2,24y lines. A look at Tables | and Il shows
allowedE1 transitions reported in Reff8]. that the enhancement ranges from about 10% to a factor of 2.

Th_e picture changes dramatically when Ioekm_g at the NAs a consequence, the predicted intensities of&hedo not
tensities predicted by our second model, which includes in-

: L . han ignificantl illustr in Fig. 4. The f h
direct excitation processes. Adding cascades fromnth@ change signriica ty, as ust'ated 9 € act't f"‘t
e indirect processes are the main contributors to the excitation
levels, ionization of an electron from thesg, or 2p4;, sub-

shells, and radiative electron capture into excited configur of the forbidden 2-2 lines in highly charged ions, while con-

tions to the model greatly increases the relative intensity oF'b“t!'?g on!y marglr_1al_ly to the excitation of the alloweq
the forbidden ®,,,— 2ps, lines. Overall, each process con- transitions, is very similar to the strong enhancement by in-

tributes about one-third of the increase. The increase is clo 'rect procesees Pf the. Iine intens+ity of the forbidden mag-
to an order of magnitude for mobt1 andE2 transitions, as Netic dipole line in heliumlike fp and of the magnetic
illustrated in Fig. 3. The strongest increases are seen for tHguadrupole line in neonlike B& measured on an EBIT

carbonlike J%* line labeled C-3 in Table I, and the fluorine- [16,19. .
like U®" line labeled F-2 in Table II. Their predicted inten- ~ From our model calculations we expect to observe several

sities increased by factors of 55 and 21, respectively. strong 21/ 2p3; lines in our spectra. The set comprises one
Because ionization and recombination link a given chargetrong line in 4%, two in U***, one in U>*, and two in
state to the abundance of a neighboring charge state, the lité®" (including the E2 line mentioned earligr Several



1948 P. BEIERSDORFER, A. L. OSTERHELD, AND S. R. ELLIOTT PRA 58

TABLE II. Line intensities of the 2-2 transitions in®" through B*" predicted by two collisional-
radiative model calculations. The notation used is the same as used in Table I. An equal abundance of each
ionization state(including heliumlike and sodiumlike uraniyms assumed in the extended model. The
intensity of each line is normalized to that of the strongest line in a given charge state resulting=f@m
excitation, which is set equal to 100.0. Lines with relative intensities as low as 1.0 are listed. For neonlike
U82*, transitions only lines with relative intensity larger than 10.0 are listed. The assumed electron-beam
energy is 120 keV. Also listed are the transition energies used in the atomic structure part of the modeling

calculations.

Energy Fractional
lon Transition Label Type (V) l,—» lp=3 increase
Uiass (251,22p?2p3) 31— 2— (2522p?2p3.) 31— O-1 E1 4529.3 100.00 157.81 1.6
uss (28122p%2p3) - 1— (2522p?2p3)) - » 0-2 E1 4647.6 71.80 9531 1.3
Viass (2822p1/22p3)) 31— 2— (2522p?2p3)) 3=» 0-3 M1 3961.0 4.44 5323 12.0
uss (25122p?2p3) - 1— (2522p?2p3)) 1—0 O-4 E1 45620 26.47 35.16 1.3
Viass (25%22p1/22p31) 31— (2522p?2p3,) 31— O-5 M1 39439 153 2045 13.4
us4t (2522p1/22p3) 3-1— (2522p?2p3)) 3-0 06 M1 38583 057 7.68 134

UBH  (25,,2p%2p3,,35110) 12— (2522p?2p33S10) -,  O-7 EL1 46252 NA 570 NA
UB*  (25,,2p?2p2,3ds5)0) 34— (2572p?2p33ds)j—s O-8 EL1 46252 NA 3.07 NA
UB*  (25,,2p%2p3,3d31) - a— (25%2p?2p33ds) 3 O-9 E1 44841 NA 1.77 NA
yest (25122p%2p*) 3= 10— (25°2p?2p3,) 3- 312 F-1 E1 4599.9 100.00 174.02 1.7
uss* (25%2p1/22p*) - 17— (25%2p?2p3 ) 3— 312 F-2 M1 3911.7 3.39 7244 214
US" (25122p°2p3351/2) s 32— (28°2P°2p33S1) -5 F-3  EL 46695 NA 630 NA
USS" (251,,2p°2p3,3810) s-3— (25°2P°2p5 3810 3-12  F-4 E1l 45781 NA 291  NA
USS™ (25,22p*2p3 80310 371 (25°2p°2p53ds) -7 F-5 EL 45316 NA 283 NA
USS™ (281,2p%2p330s10) 1= 72— (25°2p°2p33051) 3292 F-6  E1l 46563 NA 240  NA
USS™ (25%2p102p33P10) 332~ (25°2P°2P58P1) s-32  F-7 M1 41948 NA 190 NA
US™ (25122p°2p33512) s 32— (28°2p°2p3,3S1) -3 F-8 EL 46544 NA 182 NA
UBZ"  (25,,2p%2p*3sy,) 11— (25%2p?2p33510)3—» Ne-1 E1 4598.6 NA 100.00 NA
UBZt (25,,2p?2p*3s,)-0— (25%2p?2p3,351)5-1 Ne-2 E1 46392 NA  90.97 NA
UBZ"  (25%2p12p*3S1) 10— (25%2p?2p3 351251 Ne-3 E1 38927 NA 3478 NA
U2t (25%2p,,2p*3p1s) - 0— (25°2p%2p3,3510) -1 Ne-4 E1 41701 NA 2516 NA
UBZ"  (25,,2p%2p*3s1,) 11— (25%2p?2p33512)3-1  Ne-5 E1 4586.8 NA 2022 NA
UBZt  (25,,2p?2p*3dy)) 5-o— (25%2p?2p3,,3dy) ;-3  Ne-6 E1  4607.7 NA 1874 NA
UBZ"  (25,,2p%2p*3ds)) - — (25%2p?2p33ds) -, Ne-7 E1 46126 NA  17.29 NA
UBZt  (25,,2p%2p*3ds)) 5-o— (2572p?2p3,3ds) ;-3 Ne-8 E1 4599.7 NA 1412 NA
UBZ"  (2522p1,2p*3p1s) 10— (25%2p?2p3,3P12) =1 Ne-9 E1 3966.3 NA 1282 NA
UB2"  (2s5,,2p?2p*3ds)) ;- — (25°2p?2p33ds) ;-1  Ne-10 E1 4563.7 NA 1256 NA

weaker lines, including one in berylliumlike®s, are also q=83+ through 89+. An equilibrium charge distribution is

predicted by our model. reached after about 4 or 5 s, as discussed in [Ré¢ffor the
case of thorium. The ions were kept in the trap for about half
IIl. PRODUCTION OF HIGHLY CHARGED of 1 min. Then the trap was emptied and refilled with new
URANIUM IONS ions from the metal vapor arc source.

The x-ray emission from the ions was monitored via ports
The production and spectral analysis was performed at ththat provided direct line-of-sight access to the trap. A high-
high-energy electron-beam ion trap, dubbed SuperEBIT, gpurity 50.7-mm-diameter, 18.9-mm-deep Ge detector was
the Lawrence Livermore National Laboratory. The setup wasised to provide a broadband x-ray survey of the x-ray emis-
similar to that used in our measurements of thsg,22ps»,  Sion. A representative spectrum obtained with the Ge detec-
transitions in highly charged uraniufi®] and thorium[4]  tor is shown in Fig. 5. Unlike the spectra recorded in beam-
reported earlier. foil measurements, where ions move at relativistic speeds,
In order to produce highly charged uranium ions, the traphe SuperEBIT spectra record the actual x-ray energy emitted
was first filled with singly charged uranium ions injected by the ions, and no Doppler-shift corrections are necessary.
from a metal vapor arc source. These ions are then succe¥he spectrum shows the two features corresponding to the
sively ionized in the interaction with a 165-mA, §on-  location of the ¥?-1s2p,,, and 1s?-1s2ps, K-shell emis-
diameter electron beam at an energy of either 105 or 13%ion at 96 and 100 keV, respectively. The spectrum also
keV. Modeling calculations show that it takes less than oneshows prominent radiative recombination lines. Unlike in
second to produce substantial amounts of uranium ions witplasmas with a Maxwellian electron distribution where radia-
vacancies in tha. shell, i.e., to produce ions with charges tive recombination photons form a continuum, radiative re-
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FIG. 3. Intensities of the ;,,-2p3, electric-dipole-forbidden FIG. 4. Intensities of the %,,-2p3- electric-dipole-allowed

transitions in U** through U** predicted by collisonal-radiative transitions in 82+ through %" predicted by collisonal-radiative
calculations:(a) model calculations including only electron excita- ca|culations:(a) model calculations including only electron excita-
tion and radiative cascades among the2 and the ground level;  tjon and radiative cascades among the2 and the ground level;
(b) model calculations including electron excitation and radiative(p) model calculations including electron excitation and radiative
cascades among the=3, n=2, and ground level as well as elec- cascades among the=3, n=2, and ground level as well as elec-
tron capture into excited states and ionization ofsao? 2p elec-  tron capture into excited states and ionization ofsac 2p elec-
tron. Lines are labeled by the ionization stage of the emitting ionyon. Lines are labeled by the ionization stage of the emitting ion
using the notation of Tables | and II. using the notation of Tables I and II.

IV. SPECTRAL MEASUREMENTS

combination photons form distinct lines in an EBIT as a AND LINE IDENTIEICATION

result of the monoenergetic electron beam. Because the en-

ergy of the radiative recombination x rays equals the sum of The 2-2 line emission was resolved with a high-resolution
the energy of the captured electron plus the ionization energyon Hamos-type crystal spectromet@0]. The spectrometer

of the recombined ions, features produced by radiative reused a 12850x 0.25-mn? LiF (200 crystal with a lattice
combination lie in energy well above that of characteristicspacing 21=4.027 A bent to a 30-cm radius of curvature.
and bremsstrahlung x rays and are thus well resolved. IiThe diffracted x rays were recorded with a gas-filled propor-
particular, the features produced by the radiative capture afonal counter with a 183X 0.4-cn? active volume. The
beam electrons into the=2, 3, 4, and 5 shell are readily working gas consisted of 70% xenon and 30% methane at
identified. Photons produced by capture into yet higher shellg.2-atm overpressure. The resolving power of the setup was
are unresolved and form a smooth transition with the bremsaboutA/AX =2200, and was mainly limited by the 270m
strahlung continuum that ends at 105 keV, the energy of thepatial resolving power of the detector. This setup was iden-

electron beam for this particular measurement. tical to that used in Refl4] for measuring the thoriunk1l
Similar to the splitting of theK-shell line emission, the emission.
recombination peak into the=2 shell is split by the spin- A spectrum of the Pg,—2p4, transitions is shown in

orbit interaction into two components: capture ifte3 lev-  Fig. 6. The energy range covered by the measurements ex-
els and capture intp= 3 levels. All charge states higher than tended from 3850 to 4200 eV. A total of eight distinct fea-
neonlike have a vacancy in thez, subshell and thus can, tures were noted in the observed spectra. Following our
in principle, contribute to th¢=3 recombination feature. By modeling calculations, we proceeded to identify ten transi-
contrast, only charge states higher than carbonlike with &ons in the seven charge states betwe&f' Whrough 8"
vacancy in the By, or 2s;,, subshell can contribute to the as forming the eight features in the spectrum. These are la-
j=3% recombination feature. The relative ratio of the beled in Fig. 6 using the notation of Tables | and II. In
=1-2 feature, therefore, presents a measure of the chargearticular, we identified the strongest of the predichd

balance. transitions in ¥%", the strongest two of the predictéd1
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FIG. 5. Hard x-ray-emission spectrum from highly charged ura-  FIG- 7. Spectrum of the-shell x rays from hydrogenic and
nium ions in SuperEBIT. The spectrum produced by a 105_kev,he||um||ke argon. The I_.)ﬁ and Ly-y transitions in hydrogenllkc_e
165-mA electron beam was observed with a high-purity Ge detec@9on were used to callbrr_;lte t_he a}bsolute energy and dlspe_rsm_)n of
tor. Features below the beam energy sit on top of a bremsstrahlun‘Be spectrometer. The heliumlike lines are labeled by the_pnnupal
background and are produced by electron-impact excitation. Thduantum number of the upper level. The line fram 4 (He-) is at
25115, 2Pyr— 1Sy and s, 1s,, Ke transitions are seen near the edge of the spectrometer sensitivity and is partially cut off.

96 and 100 keV, respectively; theshell transitions are prominent ) ) ) )
below about 32 keV. The bremsstrahlung background ceases at ti@e spectral lines, the observations validated the modeling
energy of the electron beam. Features above this energy arise fropfedictions. The count rate, i.e., the spectral line intensity we
radiative electron capture into the particutashell indicated. Cap- observed in the @,,-2ps,, Spectrum per unit time is about
ture into then=2 shell produces two distict features indicative of 50% of that we observed earlier in our measuremgh of
the angular momentum of the capturing level, ijes;3 for capture  the 25,,,-2p3, spectra. Our modeling calculations indicated
into 2s;,, and 2y, levels orj =3 for capture into Pg,. that the nork1 transitions are primarily populated by indi-
rect excitation processes. Inclusion of indirect excitation pro-
transitions in §*", the strongest three of the predictietil cesses enhanced the relative intensities of the forbidden tran-
transitions in J>*, the strongest of the predictdd1 tran-  sitions from a few percent to about 20-50 % of that of the
sitions in %", the second strongest of the predicted allowed transitions. The present observations thus agree on a
transitions in B7*, and the strongest of the predictatil ~ broad scale with the modeling predictions that include indi-

transitions in 8. We also identified the stron§2 transi-  '€Ct processes.

tion predicted in B%". The strongest of the predicted 1

transitions in §”* was not identified, because it fell outside V. SPECTRAL CALIBRATION
our spectral range. Two of the observed features consist of a _. . . .
blend of two lines each. The blend could be readily resolved Similar to our earlier measurements of the thoriéih

by using least-squares fits of two Gaussian-shaped lines. spectra[4], which were situated in the same wavelength

While the modeling predictions aided the identification of range, transitions in hydrogenlike argon were used to cali-
brate the »4/>-2p3» spectrum of the uranium. We recorded

450 Rl spectra of the LyB and Ly-y lines spanning a spectral region
from about 3850-4200 eV. The argon spectra were recorded

c-2 in an alternating fashion with the uranium spectra using the
c-3 : same beam energy and beam current. On aeeflah was
spent recording an argon spectrum. This was followed by the
recording of a uranium spectrum for 4 h. The recording times
for argon lines were significantly shorter because of the
higher intensity of the Lyman lines compared to the uranium
Be-2 g, 2p1o— 2p3pp transitions. A spectrum showing the hydrogen-
/ like argon transitions is shown in Fig. 7. Data were collected
N-6 | during two independent measurement periods, which were
W three months appart.

As discussed in Ref4] the lines of hydrogenlike argon
represent a good choice for calibration because their energies
are theoretically well known. The energy of the ground
state of hydrogenlike argon has been calculated, for example,

FIG. 6. Crystal-spectrometer spectrum of th@,2-2ps, Dy Garcia and MacK21], Erickson[22], and Johnson and
electric-dipole-forbidden transitions in 8f through 8. The  Soff [23]. These values differ by no more than 0.0143 eV.
lines are labeled by the ionization stage of the emitting ion using the Following the discussion in Ref4], we set the energies
notation of Tables I and II. of the unresolved components of the Byand Ly-y lines

100

Counts

50
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TABLE IV. Contributions to the uncertainty in the measured

B — transition energy of line C-2 in carbonlike®®.
S
() - u
c o = % % (@) Magnitude
o o N
£Qoo[dy [ I il Source V)
s 9 i IS B » .
g5 B % %]L} 1 Position of uranium line 0.025
£ L | Dispersion 0.060
Lol vl e Energy of reference lines 0.060
Detector linearity 0.100
10— Blending with other lines 0.000
! { (b) ]
C o I
% 800 i HI | }m 14, % 1 l[l T%IT ] listed in Table Ill. The uncertainties in the measured energies
> % _l ! Lt Tf I lj%l 1t i represent & error limits given by the quadrature sum of five
o c ~ % - contributions: the statistical uncertainties of the positions of
Sqo v vt ] the uranium lines, the statistical uncertainties of the positions
g0 100 150 200 250 of the calibration lines, the systematic uncertainties associ-
Run number ated with the uncertainties in the wavelengths of the hydro-

genlike calibration lines, uncertainties arising from nonlin-

FIG. 8. Time dependence of the observed line positionsearities in the detector response, and uncertainties caused by
throughout the measurement perida. Ly- g line of hydrogenlike  blending with other lines. An overview of the individual con-
Ar'" used as one of the reference linés).Line C-2 of carbonlike  tributions to the overall measurement uncertainty of the car-
U88*. Each run lasted about 1-2 h in the case of argon, and 3—4 Bonlike 201/-2p3, transition C-3 is given in Table IV. The
in the case of uranium. The open triangles and solid squares denogRerall statistical uncertainty in the measured line positions
results from two different run periods, which were three monthsfrom all runs is 0.025 eV. The statistical uncertainty in the
apart. Uncertainty limits are solely based on counting statistics.  |ine positions of the calibration lines adds 0.060 eV. In ad-

dition, there is a 0.06-eV contribution from the uncertainty in

equal to 3935.19 and 4150.11 eV, respectively, and assunthe absolute energy of the calibration lines, as discussed
an uncertainty of 0.06 eV for these reference energies. Thiabove. Finally, there is a 0.10-eV contribution from the in-
uncertainty takes into account the uncertainty in the relativéegral nonlinearity in the detector response. The value of this
intensities of the individual components of the unresolvedcontribution corresponds to the measured spatial linearity of
reference lines. 20 um for the detector employed in our spectrometer, and

We recorded 25 separate spectra of uranium and almost aspresents a very conservative estimate, as shown in Ref.
many spectra of argon. A plot of the position of thp-2p [24]. There is no contribution from blending with other lines.
transition in carbonlike €F* and of the Lygline in Art”* as  Adding all contributions in quadrature gives an uncertainty
a function of time is given in Fig. 8. Error bars indicate of 0.13 eV with which the energy of the carbonlike transition
statistical uncertainties only. The measured line position€-3 was determined. This uncertainty corresponds to a mea-
were highly reproducible, typically within about a tenth of an surement accuracy of better than 35 ppm. The uncertainties
eV. Drifts in the spectrometer and the response of the eledn the measured energies of the other nine transitions are of
tronics were not noted, and neither were drifts in the sourcecomparable magnitude. The total error varies frau@.13 to
Systematic uncertainties arising from these effects were thus0.33 eV. The two lines N-4 and O-3 have the largest un-
excluded. certainties because of a 0.25-eV contribution from the uncer-

The energies of the uraniump2,-2ps, transitions are tainty associated with resolving the two lines from each other

TABLE Ill. Summary of the measured energies of the2-2ps, transitions in ¥ through B8 (in
eV). The given uncertainties represent ¢onfidence limitsEeqory Ecxp: €Xpresses the differences with the
theoretical values given in Tables | and Il

lon Key Transition Eexpt Eheory Eexpt
yest Be-2 (251/22P3/2) 32— (251122 P1/2) 3- 1 4081.72:0.27 -0.6
ueT* B-4 (25%2P310) 3= 31— (2522P1/2) 3= 172 4087.02:0.17 -0.9
yeet C-2 (2522P1/22P312) - 2— (25%2p?) 53— 4005.67-0.13 -1.7
yeet C-3 (2522p1/22P32) 31— (25%2p?) 30 3989.32-0.13 -2.0
uss* N-4 (25°2py2p31) 1=572— (25°2P%2P31D) =312 3964.88-0.15 -18
uss N-5 (25°2p1122P312) 1=2/2— (25°2P°2P31D) 332 3943.65-0.33 -18
ysst N-6 (25%2p1/22P310) 3= 10— (2522p?2P310) 3- 312 4042.46-0.24 -1.3
Viass 0-3 (25%22p1/22p31) 12— (25%2p?2p3,) 3= 2 3962.77-0.15 -1.8
ussr 0-5 (2522p1/22P3) 3-1— (2522p?2p3)) 3= » 3945.34-0.33 -1.4

uss* F-2 (251,2p?2p*) - 11— (25%2p?2p3 ) 3- 312 3913.54-0.16 -1.8
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Isoelectronic sequence than measured for the forbidden transitions. The magnitude
Li Be B C N O F Ne of the differences increases from 0.6 eV for berylliumlike
I B B U8 to 1.8 eV in fluorinelike B**. This is a smaller in-
8- . crease than that found for the allowed transitions.
T 2 2p T New methods for calculating the atomic structure of
6|~ e TR 5 highly charged ions were implemented recently by Johnson,
Sapirstein, and Cher{@], Cheng and Che[iL0], Safronova,
Johnson, and Safronoy&1], and Chen and Cherid2]. The
various approaches used by these authors yielded good
agreement with the measurements of thsg,22p5, transi-
tions with differences ranging from about 0.1-0.6 eV. To
oo _____ _/ ______ | our knowledge, no such calculations have yet been carried
| | out for the 2,,-2p3p, transitions, as no experimental mea-
L surements were available for comparison. Our present mea-
surements now provide the experimental benchmarks for
testing such advanced calculations in a new way. As illus-
trated by Fig. 9, the systematics followed by the,2-2p3/,
transitions is different from that followed by thesg,-2ps»
FIG. 9. Average difference between Ca|cu|a(eﬂ Tables | and transitions, |nt|mat|ng that the forbidden |ineS test different
I) and measured transition energies for each charge state of ur@spects of the calculations than the allowed lines. The mea-
nium. The experimental values for thes,2-2ps,, electric-dipole- ~ surement of forbidden lines is thus complementary to the
allowed transitions in 6" through U°" are taken from Reffl8];  measurement of allowed transitions for guiding the develop-
those for the Py,,-2ps, electric-dipole-forbidden transitions in ment of advanced structure calculations in the strong-field
UB?* through 8" are from the present measurement. limit.

The need for more accurate calculations of the transition
using least-square fitting procedures. The uncertainty of lineenergies of very highly charged ions was illustrated recently
Be-2 and N-6 is high because the lines represent the twin an attempted measurement of the2p 3P,— 1s2s 3S;
weakest lines identified. in heliumlike U°* [27]. This transition was predicted to pro-
duce a line at 4510.01 e\28]. A feature with the appropri-
ate energy (4510.050.24 eV) was indeed observed. How-
ever, there were doubts as to the true identity of the observed

A comparison of the measured2-2ps, transition en-  feature, because of the possibility that the feature might cor-
ergies in highly charged thorium and uraniua,8] had respond to, or blend with, a 2-2 transition in berylliumlike
shown systematic differences with multiconfiguration Dirac-U®*. The latter, corresponding to line Be-3 in Table I, was
Fock (MCDF) calculations. There were two reasons for thepredicted to be more intense than the heliumlike [2ig but
differences. First, the calculations of the QED contributionsnot identified at the position of 4513.7 eV predicted by the
using the standard cod¢25,26 are only approximations. MCDF calculations.

The inaccuracy in the QED contributions was found to be 2.1  Although the 2v,,-2p5, transitions do not involve 2

eV for the 2-2 uranium transitior{8]. Second, electron cor- electrons, their energies are nevertheless affected by a net
relations will not be fully accounted for, if only a limited QED contribution of more than 2 eV. In fact, Blundell,
amount of configurations is included. The underaccountinglohnson, and Sapirstefi9] estimated 2.15 eV for the QED

of correlation contributions was insignificant for the contribution to the Py,,-2ps, transition in lithiumlike F°".
2S4-2p3y transition L-1 in lithiumlike uranium, but added A more detailed accounting was given by Indelicato and
about 6 eV to the difference between measurement and cabesclaux[30]. They explicitly calculated various contribu-
culation to the neonlike transition Ne-2. tions to both the self-energy and vacuum polarization affect-

The transition energies calculated with the HULLAC dif- ing the 1s?2p,,, and 1s?2ps, levels in U, They found
fer from the measured values by almost identical amounts ahat the 24,,-2p3, transition is affected by a net QED con-
those calculated with MCDF methods in RE8]. The dif-  tribution of 2.44 eV. Most interestingly, their calculation
ferences between thesg,2p;, E1 transition energies in showed that the net QED contribution is by a wide margin
uranium measured in RdB] and our HULLAC calculations due to the differences in the vacuum polarization terms, i.e.,
are shown in Fig. 9 as a function of charge state. The averag&29 eV out of 2.44 eV, as the self-energy is nearly the same
difference is shown for those charge states for which mordor both levels[30]. An even higher net difference of the
than one transition was measured. The figure illustrates thatacuum polarization terms was obtained by Perssbal.
the differences increases from 2.6 eV for L-1 to 8.3 eV for[31]. They calculated 2.60 eV. Although rab initio calcu-
Ne-2. lations exist for the QED contributions to any of the

The difference between the transition energies calculate@lp,,,-2p5, transitions in the lower charge states of uranium,
with the HULLAC and the measured energies of the forbid-we can make the assumption that the net contribution is also
denM1 andE?2 lines is also shown in Fig. 9. The observed about 2.5 eV for the forbidden transitions in the charge states
differences go into the opposite direction as those for thdower than U°". Our 0.13-eV measurement of the
allowed E1 lines. While the theoretical predictions for the 2p;,-2ps, transition energy in carbonlike 8", therefore,
allowed transition are larger than measured, they are smalleepresents a 5% measurement of the net QED contribution of
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VI. DISCUSSION AND COMPARISON WITH THEORY
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the C-3 transition. This parallels the 6% accuracy with whichsuch as RMBPT, but alsab initio methods for calculating
the 1sy,,-2p5, transition energy has been measured so far irthe QED contributions.

hydrogenlike U** [7]. The present measurements thus also

represent accurate benchma_rks for testi_ng QED cglcglatio_ns, ACKNOWLEDGMENTS

especially vacuum polarization calculations. In principle, if

the non-QED energies were known with high accuracy, our This work was performed under the auspices of the De-
measurements would allow to distinguish between differenpartment of Energy by Lawrence Livermore National Labo-
calculations of the vacuum polarization energy term. Theatory under Contract No. W-7405-ENG-48 and supported in
present measurements thus provide not only a testbed fg@art by the Division of Chemical Physics in the Office of
advanced methods of calculating the non-QED energieBasic Energy Sciences of the Department of Energy.
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